Abstract -All molecules in a magnetic field parallel to the incident light beam show a small difference in the intensity of Raman scattering at 900 in right and left circularly polarized incident light.
INTRODUCTION
All atoms and molecules in a magnetic field parallel to the incident light beam show optical rotation (the Faraday effect) and circular dichroism.
These are examples of optical activity in transmitted light.
Several years ago, Barron and Buckingham predicted that analogous optical activity effects should exist in scattered light (Ref. 1) .
Thus the intensity. of Rayleigh and Raman light scattered at 900 from any atom or molecule in a magnetic field parallel to the incident light beam should be slightly different in right and left circularly polarized incident light. This circular intensity difference (CID) can be understood from the fact that all optical activity phenomena can be reduced to the common origin of a difference in response to right and left circularly polarized light (Ref. 2) .
All the observations of magnetic Raman optical activity (ROA) to date have involved the resonance Raman effect in dilute solutions, effects in conventional transparent scattering being below current levels of detection.
Magnetic ROA was first observed in a number of the vibrational bands in the resonance Raman spectrum of ferrocytochrome c (Ref. 3) .
More detailed studies of this sample revealed that the effects originate in the Zeeman splitting of the degenerate excited resonant level, and depend both on the symmetry species of the associated vibration and on the precise details of the resonance Raman process (Ref. 4) . Magnetic ROA has also been observed in vibrational resonance Raman scattering from oddelectron transition metal halides (Ref. 5 & 6) , and in pure electronic resonance Raman scattering from both odd-and even-electron molecules (Ref. 7) .
Only the latter effects, which are the most interesting, are described here: they originate in Raman transitions between the Zeeman-split components of degenerate levels.
Reference 8 contains a detailed recent review of both types of magnetic ROA.
Antisymmetric scattering tensors can make important contributions to Rayleigh and Raman scattering at resonance, but vanish at transparent frequencies (Ref. 2, 9 & 10) . Mainly because antisymmetric Raman scattering transitions are allowed between initial and final states that would normally be connected by a magnetic dipole operator, antisymmetric scattering plays a central role in many of the magnetic ROA effects that have been observed, and these effects can sometimes provide a more sensitive test for antisymmetric scattering than the depolarization ratio anomalies by which it is usually characterised.
Atoms and molecules in degenerate states constitute an important source of antisymmetric scattering; and the magnetic ROA experiments add a new dimension to the studies of these systems and provide detailed information about the magnetic structure of ground and low-lying excited degenerate states, in particular the sign of the g-value and the ordering of magnetic substates in general.
Thus magnetic ROA can function as Raman electron paramagnetic resonance (EPR).
Rayleigh and Raman optical activity was actually studied first in chiral molecules for which no magnetic field is necessary since they exhibit natural optical activity (Ref. 11) . Natural ROA is now well-established as a means of measuring optical activity associated with vibrational transitions in chiral molecules, and has been shown to provide detailed stereochemical information.
References 12, 13 & 14 contain recent reviews of natural vibrational ROA, while 15 & 16 contain reviews that discuss this topic together with infrared circular dichroism from a unified standpoint as complementary techniques for measuring vibrational optical activity.
LIGHT SCATTERING IN A MAGNETIC FIELD
Our experimental quantity is the dimensionless CID
a a a a a where I and I are the a-components of the scattered intensities in right and left circularly polarized incident light. Referring to Fig. 1 , we can define polarized and depolarized CIDs tAx and tAz corresponding to intensity components 1x and Iz being measured through an analyzer with its transmission axis perpendicular and parallel to the scattering plane yz.
We use 'xtJ. a semi-classical formulation in which scattered light originates in the characteristic radiation fields generated by the oscillating electric and magnetic multipole moments induced in a molecule by the incident light wave.
In cartesian tensor notation, the a-component of the electric dipole moment is defined as = Zer. a (2) where particle i at Li has charge ei, mass mi and momentum Pj' The corresponding magnetic dipole moment is m = E(e./2m.)c r. p.
is the unit third rank antisymmetric tensor, a repeated Greek suffix denoting summation over the three components.
The real oscillating electric dipole moment induced by the real electric vector E of the light wave is written
where aa and ax are the symmetric and antisymmetric polarizability tensors for which timedependent perturbation theory gives the following expressions (Ref. a =a -ia =a a a a a (6) the amplitude of the complex oscillating electric dipole moment induced by the complex electric vector E can be written (7) ii =a + a By writing Eexplicitly for right and left circularly polarized incident light and calculating the corresponding scattered intensities, the required circular intensity differences and sums are found to be (Ref. are recovered. This complex transition polarizability can be generated as the general matrix element of the following effective polarizability operator (Ref. 2 & 10) a =a +a
where W is the average of the energies W0 and Wm. By summing over a complete set of states Ij)<iI inserted after 0±, and taking jn jrn it is easily verified that <.mIaaIn) generates (9) .
The importance of this operator is that the separate parts cta and behave differently under time reversal, which is central to the symmetry classification of transition polarizabilities in degenerate systems.
Time-even (÷) and time-odd (-) operators are defined by OA(±)e' = ±A(±)t (11) where At is the Hermitian conjugate of A, and ® is the time reversal operator that first takes the complex conjugate of a wavefunction and then reverses the sign of the time coordinate.
It can be shown that is a time-even, Hermitian, even parity operator; whereas is a time-odd, anti-Hermitian, even parity operator. This enables the following fundamental property of the transition polarizability to be deduced (Ref. For an even-electron system the initial and final states can always be chosen to be even with respect to time reversal, that is gn7 = In) and 3m = rn), so that <mIs In> = <mIs n> (13) cx This shows that the transition polarizability is pure real, but says nothing about its permutation symmetry so that both symmetric and antisymmetric parts are allowed by time reversal.
If' m = n, however, it follows from the first equality in (12) that only the symmetric part survives so that antisymmetric Rayleigh scattering is forbidden.
For an oddelectron system it is not possible to construct states that are even or odd with respect to time reversal.
We consider a scattering transition involving a Krarners-conjugate pair of effective spin states +Y7 and -/) so that ® +Y7 = -Y) and the first pair we call 'diagonal' , the second pair 'off-diagonal'.
Then from (12)
We deduce from (14a) that diagonal transitions can generate a complex transition polarizability with a real symmetric and an imaginary antisymmetric part, and from (14b)that 'off-diagonal' transitions can generate an antisymmetric polarizability with both real and imaginary parts.
We now use the circular intensity differences and sums (8) to write the following expressions for the dimensionless CIDs in terms of space-fixed components of the complex transition polarizability (9) 21m
xymn xxmn The results, which are rather complicated and are not reproduced here, can be found in References 1, 2 & 8.
(b) For off-diagonal scattering transitions, it is possible to obtain useful approximate results by working directly from the CIDs (15) without performing the weighted average, particularly in atoas and in molecules such as octahedral complexes where the three principle axes are equivalent. This is because the magnetic field lifts the electronic degeneracy so that pairs of off-diagonal Raman transitions can occur leading to pairs of Raman bands displaced on either side of the original frequency by an amount equivalent to the Zeeman splitting.
RAMAN EPR AND THE SIGN OF THE g-VALUE
Magnetic optical activity in off-diagonal Raman transitions between the Zeeman components of degenerate levels is particularly interesting because it depends on the g-value and so functions as Raaan EPR. Fig. 2a shows a conventional vibrational Stokes resonance Raman process, while 2b and 2c show the polarization characteristics of the two distinct offdiagonal Raman processes for scattering at 900 that are generated if a two-fold Kraaers degeneracy in the initial and final levels is lifted by a magnetic field parallel to an incident light beam along the z-direction.
Each scattering pathway can be envisaged as the longditudinal and transverse Zeeaan effects back-to-back: the incident circularly polarized photon generates a M = ±1 change in the molecule, and the 90°-scattered z-polarized photon a M = 0 change.
Two depolarized Raman lines, shifted in frequency by the Zeeman splitting on either side of the vibrational Raman frequency w, are thereby generated. This mechanism provides a magnetic ROA couplet in a totally symmetric Raman band, the absolute signs of the lower and higher frequency components being positive and negative, respectively, for the ordering of the initial and final magnetic sub-states shown in Fig. 2 (the signs are independent of the ordering in the intermediate resonant state).
Because the molecule suffers a M = ±1 change overall, the corresponding transition tensor is pure antisyaaetric since it must transform like an axial vector: this conclusion also follows immediately from (14b).
A related feature is that a transition between spin states has been effected by a scattering operator that contains no spin operator, but simply two spatial electric dipole This implies that the intermediate resonant state must be a resolved spin-orbit state in which spin and orbital components are intimately mixed by the spin-orbit coupling operator, thereby providing a scattering pathway connecting different initial and final spin states.
In the Rayleigh case, the ground-state g-value could be measured as half the separation of the two lines displaced on either side of the central Rayleigh line, although this would require a sufficiently large magnetic field to resolve the lines (for a g-value of 2, a field of l.07T produces a splitting of 1 cm-fl.
Similarly for the Raman case, except that now the separation of the two bands on either side of the original Raman band is half the sum of the g-values for the ground level and the first excited vibrational level.
An additional feature is that the sign of the g-value is provided automatically, even if the resolution is insufficient to give the magnitude.
The g-value is always positive in atoms and is usually assumed to be positive in molecules.
In an isolated Kramers doublet, for example, this corresponds to the Sz = -Y2 state lying below the Sz = +Y state where is the effective spin angular momentum.
Occasionally, however, this order is reversed, being interpreted as a negative value of g, in which case the absolute signs of the lower and higher frequency components of the magnetic ROA couplet would be positive and negative, respectively, the opposite of that deduced from Fig. 2. 1'he conventional method for determining the sign of g uses circularly polarized microwave radiation in an EPR experiment, but such experiments are rarely performed.
Negative g-values have been discusses in detail by Abragam and Bleaney (Ref. 17) , who indicate that the isotropic g-value of IrCl6 -should be negative on theoretical grounds (see also Ref. 18 ). As discussed below, this has been confirmed from magnetic ROA observations. EXPERIMENTAL Our experimental arrangement in Glasgow, described in detail elsewhere (Ref. 8) , is based on a modified scanning Raman spectrometer (Fig. 3) .
The sample is placed between the poles of Fig. 3 . Basic layout of the scanning Raman CID spectrometer.
an electromagnet with holes bored through the pole pieces so that the incident laser beam can be applied parallel to the magnetic field. An electro-optic modulator is used to switch the laser beam between right and left circular, the Raman circular intensity difference and Using a small electromagnet that generates a field of l.1T over a pole gap of 0.6 cm, well-defined 1R -1L spectra with an effective resolution of 10 -15 cm-1 can be recorded at a scan rate of 1 cm-1 min1 using 1W of argon-ion or dye laser power. Considerable improvement would be possible using an optical multichannel Raman instrument, which has been used with great effect for measuring natural ROA (Ref. 13 ).
We present raw photon count spectra of + and Im' -IJ separately because the background must be subtracted from I + I before calculating the dimensionless CID t Further, the I + iJ spectra are presented on a linear scale, whereas the I -L spectra are presented on a scale that is linear within each decade range but logarithmic between ranges: this enables the exponent in the rmR -I photon count to be recorded, and shows up significant features on weak Raman bands that would be lost in the baseline of a conventional display.
Since all the magnetic ROA effects observed so far have involved resonance Raman scattering from dilute solutions of absorbing molecules, special precautions have been necessary to prevent decomposition.
If sufficient material is available, we have found the best arrangement to be a small fluorescence cell situated between the poles of the magnet and connected to tubing at each end so that the sample solution can be flowed rapidly through by means of a peristaltic pump, with a large reservoir cooled in ice.
Magnetic ROA has been relatively free of the artefacts that have plagued natural ROA measurements.
As discussed in detail elsewhere (Ref. 19) , this might be due in part to the significant antisymmetric contributions that are often present.
TYPICAL MAGNETIC ROA SPECTRA Magnetic vibrational ROA in odd-electron complexes Fig. 4a shows the depolarized magnetic ROA spectrum of the high-spin d5 complex FeBr4
The two Raman bands are assigned to two of the four Raman-active fundamentals of the MX4 structure, namely vl(Al, 201 cm-1) and v3(T2, 290 cm-l).
A large CID couplet appears in the A1 band, but none in the T2 band.
Since the sign of the couplet component having the lower Stokes Raman shift is positive in the positive magnetic field (N÷S), we deduce from the earlier discussion that the g-value is positive.
Only one resonance Raman band was observed in the d9 complex CuBr42, at about 174 cm1 (Fig. 4b) , being assigned to the symmetric stretch vi(Ai). The appearance of the CUD couplet was taken as unequivocal evidence for antisymmetric scattering, which had not previously been identified in this species: this was subsequently confirmed using complete polarization measurements (Ref. 20) . Again the g-value is seen to be positive.
The low-spin d5 complexes IrCl62 and IrBr6 have been studied in rather more detail, especially with regard to the influence of the excited resonant state on the appearance of the resonance Raman bands and the manetic ROA. Fig. 5 shows the depolarized Stokes and anti-Stokes magnetic ROA spectrum of 1rCl62 (Ref. 21) .
The three Raman-active fundamentals of the octahedral MX6 structure are assigned to vl(A1 341 cm1), v(Eg, 290 cm-) and v5(T2 , 161 cm1).
The ground electronic level belogs to the EQ"(T2g) Kramers doublet of o, ad the excited resonant level to Uu(1Tt ) when 488.Onm excftation is used. The observed effects have provided information about the signs of the g-values of the initial and final electronic Raman levels, and have confirmed in detail earlier assignments of the corresponding electronic transitions.
Uranocene is particularly interesting in this respect and is now described in some detail.
Uranocene, U(CH), has a Dh structure with a U ion sandwiched between two cyclooctatetraenyl dianions.
Laser excitation within the charge-transfer visible absorption bands between 600 and 700 nm produces a resonance Raman spectrum containing an anomalously polarized band at 466 cm-assigned to an electronic transition involving non-bonding Sf orbitals (Ref. 24) .
Using a simplified treatment based on the f2 configuration in an effectively axial crystal field, the ground term splits into five levels corresponding to M = 0, ±1, ±2, ±3, ±4. Thus any Raman transitions within this set of levels is associated with tJ = 0, so both symmetric and antisymmetric contributions are possible, the former being associated with AM = 0, ±1, ±2 and the latter with = 0, ±1, although time reversal arguments exclude tM = 0 in the latter since J is integral (Ref. 2 & 10) . Thus the antisymmetric Raman scattering in the 466 cm band is associated exclusively with = ±1 transitions, which led to a re-interpretation of the magnetic susceptibility data from which it was concluded that the ground and first excited levels of uranocene are the M = ±4 and ±3 components, respectively, of the 3Hmanifold (Ref. 24) . Dye laser excitation within the x,y-polarized absorption band at 641 nm produces an enormous magnetic ROA couplet in the 466 cm-electronic Raman band (Fig. 6a) of the magnetic components of the M = ±3 + M1 = ±4 transition (Fig. 6b) .
Since the absorption band is x,y-polarized, the transition to the excited resonant state must involve = ±1.
Assuming the g-factors of the M = ±4 and ±3 levels are the same and positive, the Zeeman splitting of the ±3 level will be 3/4 that of the ±4 level, so for a positive magnetic field (N ± 5) the lower frequency component of the magnetic ROA couplet should be positive and the higher frequency component negative.
The fact that this is what is observed provides unequivocal evidence that the IMjI value of the ground level is greater by a factor of one than that of the first excited level, thus supporting the earlier deduction that the M = ±4 level lies lowest.
Uranocene also shows a very weak resonance Raman ban at 675 cm. Excitation within the 64l1nm absorption band generates a weak magnetic ROA couplet with the same sign as the 46 cm band, which enabled the 675 cm band to be assigned to a combination of th 466 cm electronic transition with a totally symmetric vibrational transition at 211 cm This clearly corresponds to a magnetic ROA experimen where the Zeeman components are resolved.
Furthermore, the mechanism suggested for these Raman-Zeeman transitions is one due to Fleury and Loudon (Ref. 26) for the scattering of light by magnons in crystals which relies on pure electric dipole transitions with resolved spinorbit intermediate states.
This parallels the requirement, discussed above, for magnetic ROA in 1M5 = ±1 transitions in Kramers doublets to involve well-resolved spin-orbit intermediate resonant states. 
